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The interfaces of aluminum alloy composites (5083) reinforced by SiC particles (as-received, oxi- 
dized 3.04 wt pet and 14.06 wt pet) were studied. The composites were fabricated by compocasting 
and certain samples were also remelted at 800 ~ for 30 minutes. The reaction mechanisms between 
SiCp and liquid A1 and between the SiO2 layer and AI(Mg) are discussed. The crystal boundaries 
of the MgO (or MgAI204) reaction products are believed to be the diffusion paths (or channels) 
during the interfacial reactions. A SiO 2 layer, formed by oxidation of the SiC particles prior to their 
incorporation into the melt, plays an important role in preventing the SiCp from being attacked by 
the matrix. The interracial reaction products are affected by both the alloy composition and the 
thickness of the initial SiO: layer. 

I. INTRODUCTION 

INTERFACIAL reactions in metal matrix composites 
not only affect the interface strength but also the age-hard- 
ening behavior of the matrix/1,2J As reported previously, 
some interfacial reactions can improve the wettability of the 
solid reinforcement (e.g.,  SiC) by the liquid, E31 but some- 
times they will cause the reinforcement to be attacked, 
forming harmful reaction products (i.e., A14C3) around the 
reinforcement.t4-71 Introducing an oxide layer (SiO2) on the 
surface of SiC has been reported to play an important role 
in preventing SiC from being attacked by liquid A1, im- 
proving its wettability and also improving the fracture strain 
of the composites.t2,8,9~ Because the interface reaction in 
A1/SiC depends on several fabrication parameters (for ex- 
ample, temperature, holding time, atmosphere, and chemi- 
cal composition of both the aluminum matrix and the SiC 
reinforcement), the nature of the interface will change with 
fabrication procedure and composite system. 

The reaction between molten A1 and SiC particles in the 
temperature range from 675 ~ to 900 ~ has been inves- 
tigated by many authors. [6,1~ From both the points of 
view of thermodynamics and kinetics, the reaction can take 
place to yield A14C 3 during fabrication by a molten metal 
route, t6-~2] From the studies of Narciso et  al.tS] and Viala et 
al . ,  [12] the reaction has been found to proceed via a disso- 
lution (of SiC) and renucleation (of A14C3) process. As re- 
ported by Lloyd and co-workers [6,1~ and Iseki e t  a l . ,  I13] the 
formation of A14C3 is limited by increasing the Si content 
of molten A1. 

A chemical interaction between molten A1 and SiO 2 w a s  
observed by Narciso et  al. Isl and Brondyke[141 at 700 ~ to 
900 ~ forming A1203 and Si. The reaction rate was be- 
lieved to be controlled by the diffusion of A1 and Si through 
the newly formed A1203 layer. Legoux and co-workers[5,91 
have extensively studied the reaction between the SiO2 
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layer on SiCp and A1 alloys (containing 0.3, 1, and 5 wt 
pet Mg). MgA1:O4 was found to be the reaction product in 
the materials with 0.3 and 1 wt pet Mg, whereas a mixture 
of MgA1204-MgO fine crystals was the reaction product in 
the materials made with 5 wt pet Mg. Metallic A1 channels 
were shown to be the diffusion path through the oxide layer 
for incoming Mg and outgoing Si. Stephenson et  aL ~5~ 
found, experimentally, that the reaction tendency and ki- 
netics of Mg and SiO2 are several times higher than that of 
A1 and SiO z at 670 ~ to 800 ~ however, they did not 
discuss the diffusion paths. Jin and Lloyd, t161 in studying 
the reaction between pure A1-Mg alloys and A1203 particles, 
found that the reaction rate decreased for higher Mg con- 
tents (>5 wt pct) because of the small size of the reaction 
product formed (MgA1204). 

In this work, the reaction mechanisms between SiC par- 
ticles covered by a S i O  2 layer and a commercial alloy con- 
taining a large amount of Mg (5083 alloy) are investigated 
in detail. Of particular interest are the effects of the alloy 
composition, the fabrication parameters, and the nature of 
SiC particles on the interfacial reaction. The role of the 
SiO2 layer in protecting SiC in 5083/SiCp composites has 
also been investigated. The 5083 aluminum alloy is a so- 
lution-hardening alloy. It has moderate strength and good 
corrosion resistance. It has a potential for superplastic de- 
formation. The mechanical properties and the high-temper- 
ature deformation behavior of the composites have been 
reported elsewhereY 71 A study of the effects of the ther- 
momechanical processing of the composites and the inter- 
facial reactions on the strengthening and fracture 
mechanisms will also be reported elsewhere. 

II. EXPERIMENTAL PROCEDURES 

A modified compocasting technique was used to fabri- 
cate the composites. The 5083-A1 alloy was first heated to 
the semisolid state in the temperature range from 600 ~ to 
640 ~ The reinforcing particles were then incorporated 
into the vigorously agitated alloy. Approximately 5 minutes 
were required to add all the particles. Finally, the alloy was 
completely remelted at 720 ~ for 5 minutes and solidified 
under a pressure of 100 MPa. tzl The particles used were 
either in an as-received condition (from PRESI, France) or 
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JEOL-820) and transmission electron microscopes (CM30- 
PHILIPS, JEOL-2000FX) were used. The interface 
microstructure was examined by using bright-field (BF) im- 
ages, dark-field (DF) images, selected area diffraction 
(SAD), microdiffraction, and electron energy loss and en- 
ergy dispersive X-ray spectroscopies (EELS and EDS). The 
TEM thin foils were prepared by ion milling at 15 deg with 
a voltage of 5 kV after mechanical polishing and dimpling. 

Fig. l--Distribution of SiCp (ARS, 5083/SiCp, as-cast). 

Fig. 2 SiCp boundary is clear, no reaction product is seen at the interface 
(ARS). 

in an artificially oxidized condition. Oxidation was carried 
out in air at 1100 ~ for two different times (about 1 and 
12 hours) using a SiC crucible heated with an induction 
furnace. The SiO2 layer formed in this way was continuous 
and the amount of SiO2 determined by wet chemical anal- 
ysis was 3.04 and 14.06 wt pct of the particle weight for 
oxidation times of 1 and 12 hours, respectively. A total of 
15 vol pct of SiCp was used (with a diameter of 13 /~m). 
The remelting experiments were performed in an induction 
furnace using a small graphite crucible under Ar atmos- 
phere. The samples were reheated to 800 ~ and held for 
30 minutes. The composition of the alloy used is 4.1 wt pct 
Mg-0.56 wt pct Mn-0.12 wt pct Cr-0.19 wt pct Fe-0.15 wt 
pct Si-0.04 wt pct Cu-0.02 wt pct Ti-(bal.) AI. 

All the internal acronyms used in this article were des- 
ignated to indicate the state of the particles prior to their 
incorporation into the composites and the state of the com- 
posites (i.e., as-cast or remelted). For example, sample 
AOX14 means that the sample was as-cast (A) and the par- 
ticles were oxidized (OX) 14 wt pct, and sample ROX14 
means that the same composite was remelted (R). 

Scanning electron microscopes (SEM) (JEOL-840, 

III. EXPERIMENTAL RESULTS 

A. 5083/SiCp Composites (As-Received SiCp, As-Cast 
Composites', (ARS)) 

Figures 1 and 2 are SEM micrographs showing the dis- 
tribution of the SiC particles in the composites and the in- 
terface between the SiC and the matrix. As shown in Figure 
1, the distribution of SiCp is macroscopically uniform. At 
a magnification of 3000 times, interface reaction products 
and porosity are not observed. 

Figure 3(a) shows a TEM micrograph in which the SiC 
particle is not attacked by the matrix. Figure 3(b) is the 
corresponding EDS line profile at the matrix/SiCp interface. 
No Mg is found inside the SiC particle, as shown by the 
curve which represents the true Mg concentration profile 
near the interface. The Mg apparently detected inside the 
SiC particle is caused by electron beam broadening, as con- 
firmed by a deconvolution technique in which electron 
beam broadening and the expected true Mg concentration 
profile (the solid curve in Figure 3(b)) are convoluted to 
yield the experimental profile, t181 Cap . . . . . . . . .  d and Capr-o,lcu~,ted 
represent the measured and the convoluted apparent Mg 
concentration. The Mg and O are found at high levels (as 
high as 17 wt pct Mg) at the interface. Figure 4 is a higher 
magnification TEM micrograph which shows that fine MgO 
crystals, as confirmed from the indexation of the SAD pat- 
tern, have formed near the SiC particle. The thickness of 
the MgO layer can be larger than 50 nm but is typically in 
the 10 to 30 nm range. Occasionally, penetration of the 
matrix into a SiC particle along a crystal defect can be 
observed. A Cr-, Mn-, Fe-rich phase such as 
(Cr,Mn,Fe)3SiA112 is frequently found near the SiC particle. 
This phase is not associated with interracial reactions but 
is a normal inclusion in 5083 aluminum alloy. Mg2Si is 
also observed in the matrix and near SiC particles. 

B. 5080/SiCp Composites (As-Received SiCp, Remelted at 
800 ~ for 30 minutes, (RMS)) 

After remelting of the composites, SiCp particles are at- 
tacked heavily (Figure 5). From the SEM micrograph, we 
can see that a large number of Mg2Si particles are formed 
in the matrix and around the SiC particles. 

The TEM image in Figure 6(a) shows an attacked SiC 
particle where A14C 3 is formed. Figure 6(b) is a SAD pat- 
tern obtained from A14C 3. At some places, MgO crystals 
(see arrows in Figure 7(a)), which may be formed during 
fabrication of the composites, are still found at the original 
interface of matrix/SiCp. A14C3 is observed behind the MgO 
layer as a result of the attack of SiC during remelting. At 
the same time, Mg2Si is found in the matrix near the MgO 
reaction zone. Figure 7(b) is the corresponding SAD (an- 
nular) pattern from MgO crystals. These results indicate 
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Fig. 3--(a) TEM image of the interface of matrix/SiCp (ARS). (b) EDS 
line-profile at matrix/SiCp interface (ARS). 

that in as-cast materials MgO is not formed at every ma- 
trix/SiCp interface and that the oxide layer on the as-re- 
ceived SiC particles is not uniform. After remelting, Mg 
was not detected in the matrix using EDS. 

C. 5083/SiCp Composites (SiCp Oxidized 3.04 wt pct, 
As-Cast, (AOX3)) 

A reaction layer consisting mainly of fine MgO crys- 
tals is shown by TEM images in this sample (Figures 8(a) 
through (c)). The sizes of  MgO particles are about 5 to 
20 nm. As shown by the EDS line profile and the EDS 
spectrum (Figures 9 (a) and (b)), Mg and O contents are 

high in the reaction zone. The thickness of the reaction 
zone is about 100 to 200 nm on average. Inside the re- 
action zone, the SiCp boundary is clear and straight. 
There is no evidence of  SiCp attack. Mg2Si is found near 
the reaction zone in the matrix. (Mn,Fe)A16 and 
(Cr,Mn,Fe)3 SiAI~2 are also found in the sample. There 
is about 2.5 to 3 wt pct Mg remaining in the matrix meas- 
ured using EDS. 

D. 5083/SiCp Composites (SiCp Oxidized 3.04 wt pct, 
Remelted at 800 ~ for 30 Minutes, (ROX3)) 

After remelting, as shown in Figures 10(a) and (b), most 
of the SiC particles still have clear, smooth boundaries in- 
dicating no attack by the matrix. Mg2Si (dark phase) is 
found around the particles. A few particles with serrated 
boundaries can be seen; they were attacked at some places 
(Figure 11). As shown in Figures 10 and 12, the ma- 
trix/SiCp interfaces are still rich in Mg and O. By TEM 
observation, the reaction zone around SiCp still consists of 
fine MgO crystals, as shown in Figures 13(a) through (c). 
Figure 13(d) is an EELS spectrum obtained from the re- 
action zone, which shows a sharp Mg peak caused by the 
presence of MgO crystals, as indicated from a comparison 
with an EELS spectrum of a pure MgO crystal. Metallic 
A1 present in the reaction zone is identified by the relatively 
smooth A1 peak on the EELS spectrumYl MgzSi is also 
observed near the reaction zone in the matrix, identified by 
SAD in TEM observation. 

E. 5083/SiCp Composites' (SiCp Oxidized 14.06 wt pct, 
As-Cast, (AOX14)) 

X-ray maps in Figure 14(a) reveal the presence of Mg, 
O, and A1 in the reaction zone. The interface reaction zone 
is also quite evident in the SEM image (Figure 14(b)). 
Mg2Si (D, dark phase) and some (Cr,Mn,Fe)3SiAI~2 (B, 
bright phase) are found in the matrix near the SiCp. The 
thickness of the reaction zone is about 500 to 800 nm. 

TEM micrographs (Figures 15(a) and (b)) show that the 
reaction layer consists mainly of fine MgO crystals, con- 
firmed by the high intensity of the MgO diffraction rings. 
Diffraction spots, (111)Mg2Si, (012)A1203, (111)MgA1204, 
and (100)SiO2, also appear occasionally in the SAD pat- 
terns obtained by using different tilt angles, which can be 
used to unambiguously identify the presence of these 
phases in the reaction zone. Figure 16(a) shows an EDS 
line profile at the matrix/SiCp interface, which illustrates 
the distribution of Mg, O, and AI. Figure 16(b) is an EDS 
spectrum obtained from the reaction zone. The SiC par- 
ticles have not been attacked at all. The MgzSi in the ma- 
trix and near the SiCp is a product of solidification. Silicon 
is produced by the reaction between SiO2 and Mg or A1. 
In comparison to the AOX3 sample (with 3.04 wt pct SiO2 
layer), the reaction products are more complex in the re- 
action zone of the AOX14 sample (with 14.06 wt pct S i O  2 

layer). About 0.5 to 1 wt pct Mg was measured remaining 
in the matrix. 

F. 5083/SiCp Composites (SiCp Oxidized 14.06 wt pct, 
Remelted at 800 ~ for 30 Minutes, (ROX14)) 

In the ROX14 samples (with SiCp oxidized 14.06 wt pct, 
remelted), the proportion of MgAI204 in the reaction zone 
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Fig. 4---Small MgO crystals are observed at the interface: (a) TEM BF image, (b) DF image, (c) SAD pattern from reaction zone (MgO size 5 to 10 nm, 
ARS). 

has increased after remelting (Figure 17). Figure 17(b) 
shows a very strong (111) diffraction ring from MgA1204. 
Large Si and MgzSi phases (> 1 ~m) are found near the 
reaction zone in the matrix, as shown in Figure 17(a). 
MgAlzO 4 crystals, with a size in the range of 0.5 to 1 /xm, 
are also found occasionally just outside the reaction zone 
(Figure 17(a) and the corresponding diffraction pattern in 
Figure 17(c)). Figures 18(a) and (b) are the TEM BF and 
DF images (obtained with the (111) spinel diffraction 
spots). The crystal size in the reaction zone appears slightly 
larger than that in as-cast composites. Figures 18(c) and (d) 
are the diffraction patterns obtained from pure MgO and 

MgA1204 standards, respectively. Diffraction from (111)spinel 
with a d spacing of 0.466 nm and from (220)spine I with d = 
0.285 nm can be used to identify the presence of MgA1204. 
Figure 19 is the EDS line profile of Mg, O, and A1 at the 
matrix/SiCp interface. No Mg remains in the matrix after 
remelting. 

As can be seen, the reaction products at the interfaces of 
the composites with the 3.04 wt pct SiO2 layer are different 
from those with the 14.06 wt pct SiO2 layer. In the latter 
case, a thicker SiO  2 layer increases the probability of 
MgA1204 formation. 
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Fig. 5--SiCp attacked by matrix (RMS, 5083/SiCp, remelted at 800 ~ 
for 30 min). 

Fig. 6~(a)  TEM BF image, the morphology of the attacked SiCp (RMS). 
(b) SAD patterns of B[210]A14C 3. 

Fig. 7--(a) MgO crystals are observed at the original interface in front of 
AIaC 3 (RMS). (b) SAD patterns of MgO polycrystal. 

IV. DISCUSSION 

A. The Reaction Mechanism between Liquid AI and SiC 
Particles 

The reaction between SiCp and liquid A1 is believed to 
include several steps including the following: ~19,2~ 
(a) chemical reaction (dissolution) of SiCp with molten 

A1; 
(b) diffusion of Si and C atoms away from the SiCp sur- 

face into the molten A1 pool; 
(c) formation of compounds when the A1 and C concen- 

trations or the Si and C concentrations exceed the 
equilibrium constants of AlnC 3 or  SiC, and 

(d) further precipitation of compounds on cooling due to 
a decrease in solubility. 

The dissolution kinetics of SiCp in A1 have been sug- 
gested to be the rate-determining step in the A1/SiC inter- 
facial reaction during manufacture of composites.Pg] As 
mentioned previously, increasing the amount of Si in the 
matrix can reduce the dissolution of SiC and prevent the 
formation of A14C3 .[6'1]1 As shown by Lloyd, I2jJ the reaction 
rate is very low in the fabrication temperature range from 
650 ~ to 750 ~ (after holding for 2 hours at 750 ~ no 
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Fig. 8 (a) TEM BF image, (b) DF image by ( l l l )MgO,  and (c) SAD 
pattern of MgO obtained from the reaction zone (AOX3). 

attack was observed in the A356 (7 wt pct Si) alloy). Usu- 
ally, 7 to 15 wt pct of Si is necessary to prevent the reac- 
tion.t6,1,,iz.,9,2q Since the matrix of the composites studied in 
this work contains only 0.15 wt pct of Si, SiC is expected 
not to be stable in contact with the liquid A1. From our 
experimental results, we find that the dissolution of the 
SiCp is not uniform, as shown from the preferentially at- 
tacked channels and the serrated morphology of the at- 
tacked SiC particles. The dissolution of  the SiCp seems to 
be a preferential process (e.g., along crystal defects or along 
some low index crystal planes). 

Because the solubility of [C] in liquid A1 is very low at 
temperatures from 660 ~ to 800 ~ the threshold carbon 
activity values for AI4C 3 formation are small. The carbon 
atoms that go into solution will react almost immediately 
with A1 to form A14C3 .[22] With the dissolution of SiC, the 
A14C 3 grows and Si will diffuse into the melt around the 
A14C 3. Therefore, at the beginning, the dissolution of the 
SiCp into the molten AI will control the A1/SiCp interface 
reaction. With increasing time, a layer of A14C 3 may form 
around the SiC particle, similar to the observation of Is- 
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Fig. 9--(a) EDS line profile for AOX3. (b) EDS spectrum in the reaction 
zone. 

eki.[~31 The A14C 3 layer may act as a diffusion barrier for 
the diffusion of Si, C, and A1; thus, further reactions will 
be affected by the diffusion process, although other diffu- 
sion paths, like crystal boundaries and defects, are also 
available. 

B. Enrichment of Mg at the Al (Mg) Alloy~Reinforcement 
Interface 

In many A1 (Mg) matrix composites, segregation of  Mg 
at the matrix/reinforcement interface is frequently ob- 
served. I2'9'23"24'25] In 5083/SiCp as-cast materials, segregation 
of Mg is also found. This may have several causes. First, 
just as in A1-Mg alloys,t26] Mg can segregate at the grain 
boundaries and free surfaces. This segregation is governed 
by thermodynamic factors related to the decrease of the 
grain boundary energy, interface energy, or surface energy. 
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(b) 

(b) 

Fig. 10--(a) and (b) SEM X-ray maps of the interfaces enriched in Mg 
and O (ROX3). 

Fig. 11--After remelting, some particles are attacked (ROX3). 
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Fig. 1 2 ~ D S  spectrum obtained from the matrix/SiCp interface (ROX3). 

For example, in a quenched sample, nonequilibrium seg- 
regation is established by vacancy drag of solutes as defects 
migrate to the sinks (grain boundaries), t261 In composites, 
the interface of matrix/reinforcement is also a good sink for 
the solute atoms during rapid cooling. 

Second, segregation of Mg is caused by the interfacial 
reaction of Mg with the SiO2 layer on the SiCp surface, or 
with the oxygen trapped during the fabrication process, to 
form MgO or MgA1204 oxides, t2,~2,27~ These reactions can 
improve the wettability and form a diffusion barrier for re- 
action between liquid A1 and SiCp. t~,281 

Third, nucleation of the primary solid does not occur 
initially on the surface of the reinforcement during solidi- 
fication. In the case of an alloy, the solid phase will avoid 
the reinforcement as it grows. Consequently, the last por- 
tion of the metal to solidify will be located close to or at 
the matrix/reinforcement interface with the solutes pushed 
to the interface by the liquid/solid front. Therefore, enrich- 
ment in the solutes (Mg) is observed near the inter- 
face.[Z8,2o29] 

C. Reaction Mechanism of the SiO2 Layer with Liquid Al- 
Mg Alloy 

Reactions between Mg and SiO2 layer can form MgO or 
MgA1204, MgO being formed more easily with high Mg 
content in matrix. ESm That is 

SiO2 + 2Mg = 2MgO + Si [1] 

2SiO 2 + Mg + 2A1 = MgA120 4 + 2Si [2] 

After the first layer of MgO or spinel is formed, for the 
reaction to continue, Mg, A1, and the released Si must dif- 
fuse through the reaction layer. As the bulk diffusion co- 
efficients of these elements in oxides at temperatures of 700 
~ to 800 ~ are very smallt9.3ol and since the reaction prod- 
ucts are extremely fine crystals, crystal boundary diffusion 
must play an important role. HorvathE311 studied diffusion 
in nanocrystalline materials (crystal size about 10 nm). Ow- 
ing to the enormous interface area in the material, the dif- 
fusion coefficient is many orders of magnitude higher than 
the lattice bulk diffusion coefficient. Bokstein[321 found that 
the grain boundary or phase boundary diffusion coefficient 
in Ti alloys is 5 to 6 orders of magnitude higher than that 
of its volume diffusion. Formation of MgA1204 from SiO 2 
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Fig. 13--(a) TEM BF image of ROX3. (b) SAD pattern of MgO. (c) Mg2Si is found near SiCp, B[110]MgzSi. 

will cause a 27 pct volume contraction, and formation of 
MgO will cause a 13.6 pct volume contraction. Due to this 
contraction, there will be gaps between the newly formed 
crystals or between the newly formed crystals and the rest 
of the SiO2. Liquid A1 and Mg infiltrate into these gaps and 
form so-called "diffusion channels," as Legoux, et al. tgl 
suggested. Released Si will diffuse through these channels 
into the liquid and may form Mg2Si with the Mg in matrix; 
that is 

Si + 2Mg = Mg2Si [3] 

The reaction between Mg (or A1) and SiO2, during the 

fabrication of the composites, becomes kinetically possible 
because of the diffusion channels. However, our experi- 
mental results have shown that the attack of SiC by molten 
A1 is decreased with increasing thickness of the SiO 2 layer 
during remelting. The reason is that the newly formed MgO 
or spinel crystals in the reaction zone decrease the effective 
exposed surface of the SiC particle to the molten A1 and 
form a diffusion barrier for the incoming A1. In as-cast 
composites, the SiO2 layer on SiC surface may also delay 
direct contact of molten A1 with the SiC particles during 
incorporation, especially when the SiO2 layer is thick. Of 
course, because of the large volume contraction in forming 
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Fig. 13--(d) PEELS spectra obtained from the reaction zone (ROX3), pure spinel, and MgO standards. 

MgO (13.6 pct) or spinel (27 pct) crystals from SIO2, the 
protecting role of the reaction zone should be less important 
compared to the reaction between Mg and A1203 parti- 
cles. t331 The reaction between Mg and A1203, in which the 
protecting role of the newly formed MgO or spinel crystals 
is more pronounced because of the large volume expansion 
(30 pct for MgO and 15 pct for MgA1204) , makes the dif- 
fusion channels become very narrow during the reaction, p3J 
It is quite possible that forming MgO in the reaction zone 
will protect SiC better than forming MgA1204 does, owing 
to the smaller volume contraction in forming MgO crystals 
and the lower diffusivity in MgO crystal. Thus, SiC will be 
protected better with a higher Mg content in the matrix 
because the probability of forming MgO increases with in- 
creasing Mg content, while the thickness of the SiO2 layer 
is constant. 

As discussed earlier, MgO is the main interfacial reaction 
product in the ROX3 sample (3.04 wt pct oxidized, re- 
melted), whereas MgAI204 is the main reaction product in 
the ROX14 sample (14.06 wt pet oxidized, remelted) and 
MgO is the main reaction product in the as-cast composites 
(AOX3 and AOX14) reinforced by the two different par- 
ticles. This difference can be explained as follows. Al- 
though both AOX14 and AOX3 (as-cast) materials have the 
same original Mg contents, the "dynamic" concentration 
in the matrix will be affected by the quantity of SiO2 avail- 
able on the surface of the particles. For the materials with 
a thicker SiO2 layer, the Mg concentration at the beginning 
of the reaction will be quite different from that near the end 
of the reaction. It is known that MgO forms more readily 
with higher Mg contents, as discussed previously.t5,24.29.34] 
In the AOX3 sample, because the SiO 2 layer is thin, the 
interfacial reaction consumes only a small amount of Mg 
(consuming about 1 wt pct according to our measurements 
and 0.96 wt pct as calculated from Reactions [1] and [3]). 
In addition, the semisolid processing during compocasting 
may increase the actual Mg content in the remaining liquid. 
Therefore, MgO is the main reaction product even at the 
end of the reaction period. During remelting (ROX3), the 
sources of oxygen are quite limited, so that further reaction 

Fig. 14---(a) SEM X-ray maps showing the segregation of Mg, O at the 
interfaces. (b (Cr,Mn,Fe)3SiAI~2 (B) and Mg2Si (D) found in the matrix 
and near SiCp (AOX14). 

is believed to be restricted. Finally, as reported by Mcleod 
in a study of the reaction between Mg and A1203, [34] MgO 
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Fig. 16~(a) EDS concentration profile for AOX14. (b) EDS spectrum in 
the reaction zone. 

Fig. 15--(a) TEM BF image of the interface (AOX14). (b) SAD pattern 
with strong MgO rings. 

is more stable than MgA1204 when the Mg content is larger 
than 1.6 wt pct at 800 ~ For our material, the remaining 
Mg content in the matrix is still as high as about 3 wt pct 
after fabrication, so that the reaction products could be un- 
changed during remelting. Considering the AOX14 sample, 
because the SiO2 layer is thicker, the interfacial reaction 
during fabrication will consume much more Mg (more than 

3 wt pct according to our measurements). The amount of 
Mg calculated based on Reactions [1] and [3], however, 
indicates that there should be no Mg remaining in the ma- 
trix if the interfacial reaction between SiO2 and Mg went 
to completion and all of the released Si formed Mg2Si after 
solidification. Thus, MgO can be formed at the beginning 
of the reaction, whereas with an increase of reaction time, 
the Mg level in the matrix will decrease significantly and 
some MgA1204 will be formed at interfaces. Since the liquid 
Mg content can be expected to be larger than the bulk Mg 
content during compocasting, as discussed previously, and 
the reaction between Mg and the SiO2 layer is incomplete 
because of the short fabrication time, the amount of 
MgAI204 formed is limited during casting and MgO is the 
main reaction product. However, during remelting at 800 
~ the matrix is completely melted, so that the Mg content 
in the liquid is the same as that in the bulk at that time (the 

2646--VOLUME 26A, OCTOBER 1995 METALLURGICAL AND MATERIALS TRANSACTIONS A 



inner layer of the reaction zone. However, because of the 
limited size of the objective aperture, it is not possible to 
select diffraction spots which originate uniquely from MgO 
or MgA1204 crystals so that TEM DF images, which 
uniquely consist of MgO crystals or MgA1204 crystals, 
could not be obtained to visualize their spatial distribution. 
In addition, because the reaction is controlled by a short- 
circuit diffusion, the reaction front will not necessarily 
move uniformly inside the reaction zone. Thus, in some 
areas, the reaction can occur deeply inside the reaction zone 
if the reaction in areas outside the reaction zone has not 
been completed. As a result, MgO and MgA1204 may form 
anywhere in the reaction zone. 

Fig. 17--(a) TEM BF image, Si, Mg2Si, and MgAI204 observed near the 
reaction zone in the matrix. (b) SAD pattern from the reaction zone 
indicating very strong (Il l)spinel diffraction. (c) SAD pattem of 
B[110]MgAI204 (ROX14). 

remaining Mg content in the matrix is less than 1 wt pct 
after fabrication). The interfacial reaction between Mg (A1) 
and SiO2 during remelting will therefore mainly form 
MgA1204. In addition, in systems with a low Mg content, 
MgA1204 is more stable, t34~ so that some of the MgO ini- 
tially formed could be transformed to MgA1204 during re- 
melting. In order to understand more fully the relation 
between the amotmt of MgO (or MgA1204) formed as a 
result of the interfacial reaction and the thickness of the 
SiO2 layer during fabrication, thermodynamic calculations 
were carried out for a given system using the F*A*C*T 
Thermodynamic Database.t351 As shown in Figure 20 and 
Table I, the possibility of forming MgA1204 increases with 
increasing thickness of the SiO2 layer for a given alloy 
composition (assuming an uniform distribution of Mg). It 
therefore appears that a detailed discussion of interfacial 
reactions in composites requires consideration not only of 
the matrix composition but also of the type, volume frac- 
tion, and size of the reinforcement in addition to the thick- 
ness of coatings (if present). 

Since MgO is expected to form first and MgAl204 later 
in AOX14 samples, the distribution of MgO and MgAI204 
will not be uniform and there should be more MgO in the 
outer layer of the reaction zone and more MgA1204 in the 

V. CONCLUSIONS 

1. In the as-cast composite materials, there is no attack 
of SIC/) by molten A1 whether or not the SiCp has been 
artificially oxidized. 

(a) In as-cast composites reinforced with as-received 
SiCp, segregation of Mg at the matrix/SiCp interface is ob- 
served. Some of the Mg forms fine MgO crystals at the 
matrix/SiCp interface with a thickness of about 20 to 30 nm. 

(b) In as-cast composites reinforced with 3.04 wt pct 
oxidized SiCp (AOX3) or with 14.06 wt pct oxidized SiCp 
(AOX14), a reaction layer consisting mainly of fine MgO 
crystals (5 to 20 nm) is found. This reaction layer has a 
straight, clear interface with the SiC particle and has an 
average thickness of 100 to 200 nm in the AOX3 sample 
and 500 to 800 nm in the AOX14 sample. 

2. In remelted materials, different behaviors are found 
for different initial conditions of the SiCp. 

(a) In RMS materials (as-received SiCp, remelted), 
SiCp is attacked heavily. MgO crystals formed during fab- 
rication remain at the original interface position. 

(b) In ROX3 material (3.04 wt pct oxidized SiCp, 
remelted), MgO is still the main reaction product in the 
reaction zone. In ROX14 materials (14.06 wt pct oxidized 
SiCp, remelted), the proportion of MgA1204 is increased at 
the interfaces. The type of reaction product formed is re- 
lated to the dynamic concentration of Mg in the matrix. 
Attack of SiCp in ROX3 materials is observed only on 
some SiCp and the attack is slight. In ROX14 materials, 
the attack of SiCp is not observed. Attack of SiC by molten 
A1 is decreased with increasing thickness of the SiO2 layer. 
Mg2Si, Si, and (Cr,Mn,Fe)3SiAI~2 are found in the matrix 
near the SiC particles. 

3. The newly formed MgO (or spinel) crystal bounda- 
ries are believed to be the diffusion paths (or channels) for 
the interfacial reactions to proceed. Higher Mg concentra- 
tions in the matrix will result in a denser MgO reaction 
zone which may protect the SiC particles better than the 
MgA1204 reaction zone. 
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Fig. 18--(a) TEM BF image of the reaction zone around SiCp. (b) DF image by (111)spinel in ROXI4 sample and diffraction patterns of (c) pure MgO 
and (d) pure MgA1204. 
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